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METHOD AND GRAPHS FOR THE EVALUATION OF AIR-INDUCTION SYSTEMS ^ 


By GEOBaB B. Bhajuikopp 


SUMMARY 

Graphs have been developed for rapid evaluation of air- 
induction systems from considerations of their aerodynamic- 
performance parameters in combination with power-plant 
characteristics. The graphs cover the range of supersonic Mach 
numbers up to S.O. Bkamples are presentedfor an air-induction 
system and engine combination at two Mach nurribers and two 
altitudes in order to illustrate the method and application of the 
graphs. The examples show that jet-engine characteristics im- 
pose restrictions on the use of fixed inlets if the maximum net 
thrusts are to be realized at all flight conditions. 

INTRODUCTION 

In order to obtain a true indication of the worth of a given 
air-induction system as a component of a propulsive unit, 
it is necessary to employ an evaluation parameter that repre- 
sents a summation of all the gains and penalties resulting 
from the use of that particular system. Such a parameter 
should consider not only the aerodynamics of the entire 
installation but also such factors as the weight, mechanical 
complexity, purpose of the aircraft, and manv others. 
Obviously, such a universal parameter is difficult to derive 
and even more difficult to apply. For this reason, it is con- 
venient to make a partial evaluation based on the aero- 
dynamic considerations before attempting a general evalua- 
tion. In such a case, the net thrust or the net thermal 
efficiency can be iised as figures of merit becaxise they pro- 
vide a measure of the aerodynamic and thermodynamic 
qualities of the installation. The net thrust represents the 
force remaining after subtraction of the drag chargeable to 
the propulsive system from the thrust that it develops. The 
net thermal efficiency may be obtained from the net thrust, 
the fiight velocity, and the rate of fuel consmnption. 

The maximum net thrust and thermal efficiency attainable 
with a jet-engine installation depend greatly on the per- 
formance of the air-induction system employed. The char- 
acteristics of air-induction systems are usually presented in 
terms of total-pressure recovery, external drag coefficient, 
and mass-flow ratio. Unless aU three of these parameters 
for one system excel those for another at supersonic speeds, 
it is difficult to choose the better system because of the 
interdependence of the engine and induction-system para- 
meters. Because of this interdependence, it is necessary to 
combine the induction system and power-plant characteris- 
tics so as to obtain a single figure of merit for the complete 
installation. By comparing the figures of merit, it is pos- 
sible to establish the relative aerodynamic worth of each of 
the air-induction systems considered when they are used with 
a given engine. 


The effects of changes in various parameters on the over- 
all performance of propulsive systems have been evaluated 
in the past (see refs. 1, 2, and 3); however, the scope of each 
of these investigations was limited because the magnitude 
of changes due to variations in parameters were determined 
for specific engines or specific installations. Therefore, the 
results have quantitative significance for the assumed in- 
stallations only and cannot be applied directly to propulsive 
systems having component characteristics different from 
those used in the analyses. 

The purpose of this report is to present a method of eval- 
uation of various air-induction systems when combined with 
arbitrary jet engines, and to present graphs that were de- 
veloped to permit rapid determination of the thrust coeffi- 
cients of a wide variety of jet-propulsion systems (ram jets, 
turbojets with afterburning, ducted fans, etc.). The eval- 
uation is based on considerations of the air-handling quali- 
ties of the induction systems and the component characteris- 
tics of engines. The method allows selection of the aero- 
dynamicaUy' optimiun combination of an induction system 
and engine for a particular set of flight conditions. Thus, 
it provides the initial solution in the more general problem 
that considers the relative merit of systems for a range of 
flight conditions. 
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NOTATION 


cross-sectional area at any point of stream 
tube containing the air flowing through the 
propulsive system, sq ft 
speed of sound, ft/sec 

external drag coefficient pf propulsive system 
based on maximum frontal area of installa- 


tion, dimensionless 

external drag coefficient of propulsive system 
based on free-stream cross-sectional area of 


stream tube entering the inlet. 


^ - dimen- 


QoAo 


sionless 

internal thrust coefficient based on maximum 


F 

frontal area of installation, - dimension- 


less 

internal thrust coefficient based on the free- 
stream cross-sectional area of stream tube 


entering the inlet. 


Fi 

3oAo 


dimensionless 


> Supersedes NAOA TN 2897, "Method and Graphs tor the E-ralaatton ol Alr-Indnotton Systems,” by George B. BralnIhoS, 196S. 
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net thrust coefficient based on the free-stream 
cross-sectional area of stream tube entering 
the inlet, Cf{—CdJ, dimensionless 
net thrust coefficient based on maximmn 
frontal area of engine, dimensionless 
drag force chargeable to propulsive system if 
the engine thrust is defined as the total 
momentum at the exit station less that of 
the incoming flow in the free stream, 
7 ^(b+p) — I h 

presgime and friction drag forces acting on the 
basic body shape (fuselage) without an air 
inlet, lb 

total momentum of the incoming mass of air 
at the entrance station less the total 
momentum of the same mass of air in the 
free stream [(pi-Ai+miF,) — (po^-f miFo)], 
- lb 

pressure and friction drag forces acting on 
the external surface of the combined basic 
body and the propulsive system, lb 
net thrust force, Ft— Dp, lb 
internal thrust force (rate of momentum 
change of internal flow between free-stream 
and thie tad-pipe exit where static pressure 
is assumed equal to the free-stream static 
pressure), lb 

acceleration due to gravity,, ft/sec* 
speciflc enthalpy, Btu/lb 
mechanical equivalent of heat, 778 ft-lb/Btu 
lower heating value of fuel, Btu/lb 
Mach munber, dimensionless 
mass-flowrate, slugs/sec 

mass-flow ratio, 

’ PoVoAi 

actual rotational speed of engine, rpm 

corrected rotational speed, n 

(where y and Tt correspond to stagnation 
conditions at the inlet of the unit under 
consideration), rpm 
static pressure, Ib/sq-ft 
total pressure, Ib/sq ft 
dynamic pressure, Ib/sq ft 
maximmn frontal area of power plant, sq ft 
maximmn frontal area of installation, sq ft 
static temperature, °K, 
total temperatiue, °R 
speed, ft/sec 
weight-flow rate, Ib/sec 
ratio of specific heats 

pressure correction factor, — 

P.i 

net thermal efficiency of propulsive system 
(net thrust times the flight speed divided 
by energy input rate) 

combined adiabatic efficiency of compressor 
and turbine 
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temperature-correction factor, 
mass density, slugs/cu ft 
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SUBSCBIPTS 


air 

body 

compressor 

drag 

thrust 

fuel 

internal (within boundaries of stream tube 
entering the iolet) 
total momentum 

conditions corresponding to flight Mach 
number 
net 

optimum conditions (conditions of best per- 
formance) 
propulsive system 
power plant 

at standard sea-level static conditions 
stagnation conditions 


station, as shown in figure 1 


SUPEHSCBIPTS 

' based on free-stream area 

* reference (such as. frontal area, used in drag coefficient) 

METHOD 

The method of evaluation consists of determining the 
maximum net thrust coefficient based on the frontal area 
of the engine at various conditions of flight. The present 
report considers primarily the net thrust coefficient because 
the net thermal efficiency depends directly on the net 
thrust coefficient (see eq. (A8) of Appendix A) ; the evalua- 
tion at a given flight condition leads to the same conclusions, 
regardless of which of the two parameters is used. The net 
thermal efficiency is useful in evaluating complete flight 
plans when range and endurance must be considered. 

In order to evaluate an induction system, the following 
information must be available: 

1. The induction-system characteristics Pt^lpi^, mi/wio, 
and Odj, (which represents the total drag chargeable to the 
propulsive system) for various Mach numbers and ratios 
of inlet area to frontal area of the installation 

2. The engine characteristics, such as the exhaust-to-inlet 
pressure and temperature ratios and the air-handling ca- 
pacity (volume of air consumed per second)® 

With this information, an inlet size can be selected for 
the propulsion system such that it operates at any desired 
mass-flow ratio and provides a constant voliune of air as 
required by the engine. The inlet size and the mass-flow 
ratio in turn determine the external drag of the system. 

3 The ram-Jet and turbojet engines operate essentially with constant-volume flow since the 
Telodty past the flame holder and at the compressor intake must remain constant at tho 
maximnTTi allowable values. This condition is required In order to obtain the maximum 
thrust with an engine ot a given frontal area. 
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By the use of the induction-eyetem and engine-performance 
data corresponding to the operating condition, it is possible 
to calculate the net thrust coefficient. 

In general, the method entails the following steps: 

1. The thrust coefficient Cp/, based on the free-stream 

area ..do of the air required by 'the engine, is calculated for 
the given engine as a fimction of total-pressure recovery 
for the ffight Mach number and altitude. This computation 
is performed using the induction-system characteristics 
(PiJPia ^ function of the graphs presented in this 

report, and equation (A3) of Appendix A. 

2. The drag coefficient attributable to the propulsive 
system at various mass-flow ratios, is transformed to 
Ccp' by mTiltiplying Cd^ by the ratio S*IA^. (See eq. (A4) 
of Appendix A.) 

3. The net thrust coefficient (based on at various 
mass-flow ratios is obtained by subtracting the drag co- 
efficient Cd^' (step 2) from the thrust coefficient (7p/ (step 
1). (See Appendix A, eq. (A6).) 

4. The net thrust coefficient based on the frontal 
area of the engine is obtained by transforming Cp^' (step 3) 
by means of equation (A7) of Appendix A. 

After these calculations are performed for the range of 
operational mass-flow ratios, the maximum net thrust 
coefficient attainable with the given induction-system and 
engine combination is found from the plot of Cp^ as a func- 
tion of milm'o. 

\ 

DBTEE^DNATION OF THE MAXIMUM NET THECST COEFFICIENT 

Many air-induction systems produce highest total-pressure 
recoveries at mass-flow ratios less than the maximum attain- 
able at a given supersonic Mach number. As the mass-flow 
ratio is reduced from its maximum value imtil the maximum 
total-pressure recovery. is attained, the thrust coefficient 
Cp/ increases due to rising recovery and so does the drag 
coefficient Cdj,' due to increasing additive drag (see ref. 4). 
Thus, in this range of mass-flow ratio, the total-pressure 
recovery and drag have opposite effects on the net thrust 
coefficient Cp^'. To attain the maximum net thrust coeffi- 
cient it is necessary, therefore, to provide the air required by, 
the engine at an optimum mass-flow ratio that provides the 
best compromise between thrust and drag. 

Determination of internal thrust coefficient, Cf/- — When 
calculations of the net thrust coefficient are made in order to 
And the optimum mass-flow ratio, it is convenient to consider 
the flow field existing about a propulsive system to be divided 
in two parts, internal and external, the boundary being that 
of the stream tube surrounding the air which enters the 
system. The flows within these two regions may be analyzed 
separately, and the results can be combined to obtain a 
figure of merit for the complete system. It is shown in 
Appendix A (eq. (A3)) that when the thrust due to internal 
flow is expressed in coefficient form (Cp/) based on the free- 
streom area of the stream tube entering the induction system 
(Ao), the significance of the quantity of air required by the 


engine disappears. Then, the magnitude of Cp/ depends only 
on the ratio of the exhaust and flight velocities. (The 
contribution of the mass of fuel burned, Wfjwa, to the thrust, 
Cp/, is usually on the order of only 5 percent at rated 
conditions and, for purposes of induction system comparison, 
may be neglected.) This fact makes it possible to isolate 
the effects of the total-pressure recovery on the thermo- 
dynamic cycle which determines the magnitude of the in- 
ternal thrust coefficient Cp/ attainable with given engine 
characteristics at a fixed Mach number and altitude. To 
reduce computational effort and to make the determination 
of the internal thrust coefficient universal, graphs based on 
the thermodynamic cycles of jet engines have been devel- 
oped. ' 

The processes undergone by the internal air flow from one 
station of a propulsion system to another have been repre- 
sented graphically in figures 2 to 4 using the tables and 
methods of reference 5. (See example 16 of ref. 5 for illustra- 
tion of the method of solution for various states of the gas.) 
The subscript numerals designate the stations shown in 
figure 1. The assumptions used are independent of any 
actual mstallation. They are as follows : 

1. For a turbojet engine, the specific enthalpy change 
through the turbine is equal to the specific enthalpy rise ia 
the compressor (calculated as if the compression were 
isentropic) divided by the product of the adiabatic efficiencies 
(the combined efficiency) of the two units. 

2. The air-fuel ratios are those necessary to maintain the 
assigned combustion temperature by complete combustion 
of a fuel with the lower heating value (L. H. V.) equal to 
19,000 Btu per poimd. 

3. The flow in the exhaust nozzle is isentropic; it has the 
properties of air at the exhaust temperatures and leaves the 
tail pipe at free-stream static pressure at ah ffight conditions. 
(This assumption requires an adjustable exhaust nozzle with 
variable throat and exit areas Aio and An.) 

Fligh t and exhaust velocities can be determined from figure 
2 for ram jets and also for turbojets if the engine performance 
is available in the generalized form (Pt^/Pij and 
suggested in reference 6. If not, figures 3 to 5 must be used 
to find the effects of engine operation on the fluid conditions 
at the engine outlet or at the entrance of the exhaust nozzle. 
Quadrant I of figure 2 presents the variation of the free- 
stream Mach number "with the speed of flight at various 
altitudes. Quadrant II yields the ratio of recovered total 
pressure to free-stream static pressure (pt^jpa) as a function 
of total-pressure recovery (Pt^/Pt/) of theair-inductionsystem. 
Quadrant III shows the highest exhaust Mach number 
obtainable with the available pressure ratio (pigfpa), which 
includes mechanical compression due to the power plant, as a 
function of the total temperature of the exhaust. The last 
quadrant provides the exhaust velocity corresponding to the 
exhaust Mach number and the total temperature when 
‘Pii=Po- A correction for the exhaust-nozzle losses can be 
applied to the exhaust velocity, which was calculated on the 
assumption of isentropic flow, if the actual-to-theoretical 
jet-speed ratio is known. (See ref. 4.) 
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The temperatijre graph, from which the total temperature 
at various stations throughout the propulsive system can be 
determined, is shown in figure 3. The effects of altitude, 
flight Mach number, mechanical compression, and bnming 
of the fuel are included in this figure. Quadrant IV can be 
used to find the temperatures or the amounts of fuel con- 
sumed in afterburning as well as in the main combustion 
chambers. The effects of incomplete combustion or of a 
different fuel heating value on fuel consumption can be 
taken into accotmt by direct ratios of combustion efficiencies 
or of the heating values. The temperature graph is used in 
conjimction with the compressor-turbine graph shown in 
figure 4 from which the turbine expansion ratio necessary to 
drive the compressor can be determined. This figure also 
provides the resulting total temperature at the turbine 
outlet (Tig) for a given inlet temperature. 

Figure 5 presents the variation of the temperature correc- 
tion factor with temperature at the compressor or turbine 
inlet. This figure is used to calculate the engine operational 
conditions from ^e performance parameters corrected to 
standard sea-level conditions. The effect of temperatiue 
on the ratio of specific heats for air has been included in the 
temperature correction factor for the compressor because the 
stagnation temperature of the free stream varies sufficiently 
to cause error if it were neglected. 

The graphs described above allow determination of the 
velocities and air-fuel rates that must be known in order to 
calculate the internal thrust coefficient Cp/. The coefficient 
Op/ is computed by substituting these quantities in-equation 
(A3) of Appendix A. 

Determination of the external drag coefficient Cd^. — ^T he 
total drag chargeable to a propulsive unit consists of drag 
attributable to the induction system, to the modification of 
the airframe necessary to house the engine, and to the inter- 
ference of the pressure field of the propulsive system with 
other components of the aircraft. The magnitude of drag 
chargeable to the induction system depends on the amount 
of diffusion ahead of the inlet, which is a function of mass-flow 
ratio (see ref. 7), and on the geometric proportions of the 
induction system which may be described, in general, by 
the length of the induction system and the ratio of iolet 
area to the frontal area of the installation (Ai/S*). The 
inlet area necessary to provide the air required by the engine 
depends on the inlet mass-flow- ratio; if the optimum mass- 
flow ratio is unknown, the value of the ratio Ai/S* nectary 
for optimum operation is also unknown. Thus, when the 
optimum mass-flow ratio is being calculated, it is necessary 
to compute the variation of the net thrust coefficient Gp^ 
with mass-flow ratio for several values of Ai/S* which are 
between the value for the inlet operating at the maximum 
mass-flow ratio and that required at the mass-flow ratio for 
Tuaximmn total-pressure recovery. 

In practice, induction-system characteristics are usually 
obtained from tests with models having a fixed Ai/S* ratio. 
If data for various ratios are unavailable, it is necessary to 
estimate the effects of AJS* ratio on the total-pressure 


recovery and drag. The total-pressure recovery usually is 
not affected appreciably by small changes in the inlet size. 
The changes in drag, however, must be taken into consider- 
ation at a given mass-flow ratio, the additive drag varies 
directly with the inlet area, while the smface pressure drag, 
which is roughly proportional to the square of the angle of 
inclination of the external smrface of the induction system 
with respect to the flow direction decreases slightly as the 
.inlet area is increased. 

DETERMINATION OF INLET SIZE FOE OPTIMUM OPERATION 

To develop maximum thrust at a given flight condition 
with an engine operating with a fixed volumetric capacity, it 
is necessary to match the engine and the induction system so 
that the latter operates at the optimum mass-flow ratio. 
This condition is attained when the induction-system inlet 
area (rii) is such that the cross-sectional area of the free- 
stream tube entering the inlet (rio) is equal to that required 
by the engine. For a fixed volumetric capacity, the area Ao 
required by the engine varies directly with the total-pressure 
recovery at the exit of the induction system. This area 
(A/) can be found usmg relations given in Appendix B (see 
eqs. (Bl) and (B8)) and the engine characteristics. The 
inlet area (Ai) can be found from the equation de finin g* the 
mass-flow ratio, that is, mj/7?io=rio/Ai. 

The engine air requirements change with Mach number and 
altitude, and the optimum mass-flow ratio usually changes 
with Mach number. Thus, it is unlikely that any one pro- 
pulsive system will develop the maximum net thrust at all 
flight conditiops unless the inlet area is adjustable. If the 
engine air requirements are adjusted to the characteristics of 
the induction system having a constant inlet area by means 
of engine-speed control, the propulsive system will not 
develop the attainable maximum net thrust at off-design 
flight conditions.® Appendix O presents the relations be- 
tween the mass-flow ratio, the total-pressure recovery, and 
the engine air requirements at various engine speeds; these 
relations provide the information necessary for computation 
of engine performance at part-throttle operation. 

ILLUSTKATiVE EXAMPLES 

APPLICATION OF GRAPHS 

The use of the graphs can be demonstrated best by illus- 
trative examples. For this purpose a ram jet and a turbojet 
with and without afterburning have been selected. When 
the charts are used for determining the internal thrust 
coefficients of actual installations, the actual induction 
system and engine characteristics are used; in the present 
report, these characteristics have been assumed. The com- 
putations were performed for various total-pressure recoveries 
(p^/pip from 1.0 to 0.4) and Mach numbers (Mo from 1.0 to 
3.0) in order to obtain data for the example induction-system 
calculations presented later in this report. 

Bam jet. — ^The steps of solution, presented in tabular form, 
for a ram jet flying at a Mach number 2.0 in the isothermal 


> since the engine ordinaifly mns at the mailninTn speed aDotrable for continuous operation 
(rated rpm), the speed control can only reduce the speed. Thus, the weight of air handled 
per second and the operating temperature decrease with the result that thrust dcoreasos. 
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region of the atmosphere are as follows (the assumed values 
are indicated by asterisks) : 


Item 

Soarce 

Units 

Quantity 

Vo 


jel 

Iftlo 

p«i 

Induotion-system characteristics- 

sec 

•0.80 

Ph 

£!i 



6.26 

PO 


o n 

708 


Operating temperature-.,- 

® R 

•3000 

(-) 

\W//| 


lb air 

20.6 


lb fuel 

f!l 

(S) (S) 


6.26 

po 


v„ 

FIs. 2, quailrants m and IV for piJin and 

None 

3913 





c,/ 



2.170 



The loss of total pressure between stations 3 and 9 was 
neglected. However, such loss can be taken into account 
by reducing the value of by the amount of loss. 

Figure 6 shows the variation of the internal thrust coeffi- 
cient Cy/ with the total-pressure recovery and Mach 
number computed using the procedure outlined in the sample 
calculation. The temperature of combustion was assumed 
to be 3000® R throughout the range of Mach numbers. It 
must be remembered in the use of this figure that, smce a 
fixed temperature was used, either the size of the inlet or the 
mass-flow ratio must reduce with decreasing total-pressure 
recovery or the critical area of the exhaust nozzle must be 
increased to compensate for the greater specific volume of 
the air handled. 

Turbojet. — ^In order to find the variation of the internal 
thrust coefficient for the turbojet without and with after- 
burning, the generalized characteristics of the engine shown 
in figure 7 were used. Constant actual speed n of 12,600 
rpm (rated speed at standard intake conditions) was assumed 
for the entire range of operation in both cases. The com- 
pressor characteristics were selected so that the pressure 
ratio at Mach nmnber 1.4 would be 6.26. (The reasons for 
selecting this pressure ratio are discussed in Appendix D.) 
The effects of Reynolds number index (the ratio of Reynolds 
number to Mach number, see ref. 6) on the compressor 
characteristics have been neglected. The tmbine charac- 
teristics necessary to satisfy the engine operational require- 
ments were determined using figures 3, 4, and 5 upon 
assumption of the variation of the adiabatic efficiency jj, 
with corrected turbine speed for sea-level static conditions. 
The operational limits were fixed by the assumptions of: (1) 
the combustion temperature (2000° R) at rated engine 
speed; (2) the equality of actual rotational speeds of com- 
pressor and turbine; and (3) the equality of compressor and 
turbine pressme ratios at the idling speed. 

The internal thrust coefficients for the turbojet with 
afterburning were computed on the assumption that the 


total fuel consumption (engine plus afterburner) per pound 
of ^ is equal to that of the ram j et at the same Mach nmnber. 
The steps of solution for the turbojet without and with after- 
birming are given in chronological order in table I which 
contains the computations for fii^t at Mach number 2.0 in 
the isothermal region of the atmosphere. 

As in the case of the ram jet, the losses of total pressure 


due to combustion and friction ( — > —> and — ^ were 

Pif Pt^ P‘sJ 


neglected. Such losses, however, can be readily accounted 
for when ptjpo is computed. 

The variation of the internal-thrust coefficient Cy/ with 
total-pressure recovery computed for a range of Mach 
numbers is shown in figure 8. The variations of the internal 
thrust coefficients with Mach number and total-pressure 
recovery were calculated for the engine characteristics 
pertaining to a fixed actual engine speed. Thus, as the 
total-pressure recovery decreases at a given Mach number 
and altitude, the size of the air inlet or the mass-flow ratio 
must be reduced for a fixed-size engine. 


CALCULATION OF OPTIMUM MASS-FLOW RATIO AND INLET AREA 

To illustrate the calculation of the nnaxiTmim net thrust 
coefficient and of the required inlet area, the assumed 
characteristics of an air-induction system will be combined 
with the assumed engine characteristics shown in figure 7. 
In addition, the flight conditions of the example calculations 
will be selected so' as to demonstrate the effects of Mach 
number and altitude on the maximmu net thrust coefficient, 
the optimmn mass-flow ratio, and the inlet area necessary 
for optimmn performance. 

Example 1. — ^Flight is in the isothermal region of the 
atmosphere at Mach nmnber 2.6. The engine operates at 
the rated actual speed and uses afterburning to the extent 
that the total fuel consumption is equal to that of a ram jet 
having a 3000° R combustion temperature (See figs. 

1 and 6.) 

Example 2 . — ^Flight is in the isothermal region of the 
atmosphere at Mach number 1.2. The engine operates at 
the rated actual speed and uses no afterburning. 

Example 3. — ^Flight is at sea level at Mach number 1.2. 
The engine operates at the rated actual speed and uses no 
afterburning. 

To simplify presentation, the effects of the ratio of inlet 
area to the maximum frontal area of the installation (Ai/S*) 
on the drag coefficient and total-pressure recovery will be 
neglected; that is, the characteristics for a fixed (AJS*) ratio 
will be used to find the optimum mass-flow ratio. The 
engine frontal area Sy will be assumed equal to 70 percent 
of S*, and Ai/S*—0.20 will be used in all examples; it will 
also be assmned that the engine operates at a constant speed 
(12,600 rpm) at all times, and that its size is such that it 
requires Ao=l square foot when PtJPt^='^-0 and Mq=1.0 
at sea level, that is ('tOa^,)=64.6 Ib/sec. 

The assmned characteristics of the induction system to be 
evaluated are shown in figures 9 and 10. This system, 
designed for Afo=2.6, uses one oblique shockwave ahead of 
the entrance and a normal shock wave just inside the inlet 
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at the maximuia mass-flow ratio. The Ai/S* ratio is typical 
of induction systems of the side-scoop type. At Afo=1.2, 
the maximum mass-flow ratio is less than at Mo=2.5 because 
the normal shock wave is well ahead of the entrance and a 
considerable portion of flow is deflected past the inlet. For 
the same reason, the minimum external drag coefficient 
Gd -i? higher as a result of a greater additive drag coefficient 
(see ref. 7) . The total-pressure recovery is higher at Mo= 1 .2 
because the normal shock wave occurs at a lower Mach 
number. 

In all cases the solution follows the outline given in the 
section entitled “Method” of this report. 

Step 1: The variation of the internal thrust coefficient 
Gf/ with PtJPiQ at flight Alach number and altitude is calcu- 
lated. Figure 11 shows the internal thrust coefficient Cy/ 
for example 1 obtained from the cross plot of data of figure 
8 for Mo=2.5. 

Step 2: The external drag coefficients shown in figure 9, 
when converted to Ao using equation (A4) of Appendix A 
and AJS*=0.2Q, assume the values shown in figure 11. 

Step 3: The net thrust coefficient Gp^ ' is obtained by sub- 
tracting GdJ from Gp( of figure 11. 

Step 4: The net thrust coefficient Cp^, obtained using the 
relation 




and the values found in step 3, are shown in figure 12 for 
example 1. 

Similar calciflations for examples 2 and 3 yield the results 
shown in figure 13. In the case of example 3, curves similar 
to those of figure 8 for sea-level flight must be used. 


The free-stream-tube area necessary to supply the air 
required by the turbojet engine of the .illustrative examples 
is shown in figure 14 for various Mach munbers and total- 
pressure recoveries at two altitudes. The curves shoivn ivere 
obtained using equation (B8) of Appendix B. The inlet 
areas required at each of the three flight conditions to produce 
m aximum net thrust coefficients Gp^ were obtained by 
dividing the free-stream areas Ao, required by the- engine 
when the total-pressure recoveries are equal to those at 

^ ) by the respective ^ • 

opt \^Q/ opt 

The results of the calculations are summarized in the 
following table: 


Example 

('21') 

\VUj/ 

Maximum 

Of* 

Optimum 
Inlet area 

(■'ll) .ft 

sqlt 

1 

L65 

' a7fio 

a794 

2 


.450 

1.075 

3 

.94 

.140 

.916 


These results indicate that the inlet area required for 
optimmn performance must change with altitude at a fixed 
Mach number, as well as with Mach number at a fixed 
altitude. Although the results depend entirely on the 
variation of the induction system and engine characteristics 
with Mach number and altitude, it is unlikely that any one 
propulsive system will develop the attainable moxinium net 
thrust throughout the range of Mach numbers and altitudes 
unless some means of varying the inlet area are employed. 

Ames Abronautical Laboratory, 

National Abvisort Committbb for AERONAuriris, 
Moffett Field, Calif., February 19, 1962. 
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APPENDIX A 

RELATIONS DESCRIBING NET THRUST COEFFICIENT AND NET THERMAL EFFICIENCY 


The internal thrust force and the internal thrust coefficient 
ai’e given by the following relations when the exhaust pressure 
is equal to free-stream static pressure: 

(Al) 

where Wf/Wa represents the total amoxmt of fuel consumed 
per pound of air handled. When based on the free-stream 
area of the stream tube entering the duct, the internal 
thrust coefficient is given by 


Similarly, 


S* 

Ao' 


wifl poVqAi 


I 1 

T— 1 
1 

(A3) 

s* 

(A4) 



^Ai^ 

mg 


By continuity. 

piFiAi= 


PaVoAa, and thus 


CTt poVgAa Ag 

rrig’^ PoVgAi~ Al 


The net thrust coefficient based on Ao is given by 
OpJ=Gf / — Od' 


thus, 




S* 

Ai^ 

mg 


(A 6) 
(A6) 


The net thrust coefficient based on the engine frontal area 
is related to OpJ by the following relation: 

(#)(£>© 

The net thermal efficiency of a propulsive system is given as 

FnV, 

^~[(L.K.Y.)w^]J 


where 


Fn=Op' i PoWo»A=i <7. '(poWoAo)Wo=i GpJ Fo 


thus 


1 GpJVg^ ■ 
’'“2(L. B..Y.) gJWf 


(A8) 


where wjwf is the weight ratio of air to fuel for the complete 
installation. 

If fuel is added at stations A and B and the local WalWf 
ratios are known, it can be shown that 

(w.\ r(si+0Ks).+^] , 


+ 2 


since for one pound of mixture (see ref. 5) 

\Wa+WfJtoUtl \Wa+'%/B 

Similarly, solving for the air-to-fuel ratio necessary to make 
up a total ratio, 

KSl+0[(gL+^] , 

\'W// A \mfj total 

APPENDIX B 

RELATION BETWEEN ENGINE REQUIREMENTS AND THE 
OPTIMUM INLET AREAS AT VARIOUS FLIGHT CONDITIONS 

The corrected air flow given by the relation 

can be plotted in the form of a ratio to the rated corrected 
value 


Thus 


\ “ S3 Jti 




\iOa)eerT.c _ \ O 3 / 

(m^.i / 

\ 03 /ti 


Ma 


or 


(Wa) 


M 


> V “ Sg/tl 


(mg)caTT. 0 f ^3 \ 

M.l Ky/ejM, 


(Bl) 


where {w^it^—gpgVgAg is the actual weight rate of air flow 
through the engine at a given Alach number. For any 
two Mach nmnbers Ma^ and Ma^ the weight rates are thus 
related by the ratio 


(B2) 



(^a)»rr. c < 

(#3. 

]aGj 


('U^cDcorr. c , 
(Wo),i ' 

■ 1 



for a given engine. 

The weight flow in the free stream through an area equal 
to that of inlet passage is given by the relation gpgVgAi= 
gpgMgAiag and the weight entering the inlet is given by 


At any two Mach numbers and Afo^ 

^^PoAfoA-iOo 


(B3) 






“1 


“i 


(B4) 
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K the two static pressures and temperatures are equal 
(fixed standard altitude) 




<■1 




“1 




02 




(B5) 


02 


The flow through the inlet must he equal to the flow 
through the engine for a matched condition. Thus, 

(a nr r ('^lOcoJT. e ^3 ~ [ 

i w.. 

r y-r -' ai 

Po T) 

since 33 = and —= constant for a fixed altitude, 

Po P.i P.l 


(B6) 


or 


r nr ~] Pt, ^ 

L ^ L (wo).« Po V 03 X 

1 /r| 

L \moJoptJif^ 1_ (loJ.j p7v 03_lif„j 

r M 1 P‘3 'P‘o /XI 

(AOnr, L " KvIoJopiJm^ L Vt^ pTV 08_lir^ 

(^Oif “r nr (ai\ 1 corr. c P <3 /"i I 

' r » L"w ^ 

The values of are [given by the engine (com- 

pressor) characteristics for corrected compressor speed 
Wcorr.cj which may he fovmd using figures 3 and 5. The 
rest of the terms are determined from the inlet character- 
istics and flight conditions with the help of figures 2, 3, and 5. 

For flight at different altitudes and Mach numbers it can 
be shown, similarly to equation (B6), that 


rM.fa'i £l 1 rw ccrr. c Vt^ ^~j 

(-di)nf^ _ \^o/op« P<o_ [_ (laa),! p,g 

(Ai)nf„^ Po (l^Jcorf . c P >3 <^~ l 

L “ Vwop* P.oJjf^ L (W’-O.i P«„a,Jv^ 


(B7) 


where at=-^fy^BT\^ is the speed of sormd at stagnation 
conditions. 

The freb-stream area Aq required by the engine at various 
flight conditions can be obtained using equation (B7) by 

letting =1> and .di=.4o. Thus 

\fn<i/ opt 


(-do)i 


(A)ifi Po,\ f (w^ COTT. C P«3M 


(B8) 


where ^= - , when ^== 1 . 0 . Quadrant II of figure 
P«o PfsJPo P.„ ^ 


2 gives for Afo. 
Po 


where 

dp 
dtl 


Uo_^ ®ii,_ ®o / l-4X519 _ Up ll 
a~ a,i at^a^ yTt ~a,iy 6 

is the ratio of speed of soimd at static temperature for 


VI 


flight altitude to that at standard sea-level conditions, 
ratio can be foimd from quadrant I of figure 2. 

f 1 

i is given in figure 5 for Tt^Tt^ which can be foimd 
from quadrants I and II of Jfigure 3. 

APPENDIX C 

RELATION BETWEEN INLET MASS-FLOW RATIO AND THE 
ENGINE AIR REQUIREMENTS AT A FIXED MACH NUMBER 
AND ALTITUDE 

The mass-flow ratio, by definition, is given by 

PiViAi 

TMo piFflAi 

The mass of air flowing through the inlet is then 

p,y,Ai=^ PoVoAi 

mo 

The weights of air flowing through the inlet and the engine 
are equal and are given by 


Wa=^gPoVoAr = (Wa), 
mo 


and 




opt 


Thus, the ratio of mass flows at different mi/mo is given by 


mi 

mo 

( 3 ^^ eon. e 


(Wa)it 

(-) 

\moJ 

1 

opt 

eon. c ^ 

'_03_\ " 

< 4 ^ 3 / a a- 

opt 


or 


Till r (ll^g) «HT. c / 03 \ "1 

TUo L \yfO 3 JiIaJ 

/ r (Wg) cmr, 0 / 08 \ ”1 

\moJpp, 1_ {w^.i VV^3rJ«p« 

(Wa)e. 


(Cl) 


Solving for ^ rearranging terms, one obtains 

mi 

r(lOi^«)rr. e ~| 

L (ll’iO*! _lop< 


(wX 


(Wa).! 


TTtfj 


mp L\ V^a/ M l Jop( (02) 




: /_0^\ 
\m,pJopt \-\fdjM, 


For a given Mach number and altitude the total temperature 
T, 3_3 is constant, hence 

[(V^ Af Jop< = ( VX) 

By definition, 

03=P< s/PjI 
or 

J VlJPtQ P<3 P‘0 Po 


VtpVti P<o Po P»i 


P‘0 


where — 2= constant for a given Afo and altitude. Thus, 

Pfi 
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Using 


eorr, c 1 =r^ eorr. c *l 

('l^a)al | ”*i L Jopi 

VIq 



(C3) 


('^^fl)cOTT. e 


; 

mi 


the compressor corrected speed ncorr. c can 


VlQ 

be found from the engine characteristics. The actual 
engine speed n can be found, once is knomi, since 

'W'corr. 0 


APPENDIX D 


SELECTION OF COMPRESSOR PRESSURE RATIO 

The compressor pressure ratio 'Pl^jPfy as used in this report, 
has been selected using the maximum obtainahle internal 
„ thrust coefiBcient as a criterion. Figures 2, 3, and 4 were 
used together with the equation for the iutemal thrust 
coeflScient Op^, (Appendix A, eq. (A3)). The calculations 
were based on the following principles; 

1. In order to segregate the effects of variation of engine 
parameters from the effects of altitude and pressure recovery, 
the conditions of the isothermal region of the atmosphere 
were used and isentropic recovery was assumed. 

2. The combined efficiency of the compressor and turbine 
ijoTit was assumed to be 100 percent in aU computations, and 
a combustion temperature of 2000° R was used. 

3. The internal thrust coefficient Ci-/ was determined for 
assumed Mach numbers of flight. The exhaust nozzle was 
considered 100 percent efficient. 

The results of these calciilations are shown in flgure 15 
for the turbojet without afterhuming. The points of maxi- 
mmn internal thrust coefficients have been joined by a curve 
which indicates the compressor pressure ratios necessary to 
obtain optimum operation. The data of flgure 15 are ideal- 
ized since the variation in compressor efficiency with tem- 
perature was not included {tictit was assumed to be 100 
percent). 

The optimum pressure ratios, however, are not affected 
appreciably by the combined efficiency; the thrust co- 
efficients, on the contrary, are largely dependent on effi- 
ciency of every component of an installation. Pressure 
ratios of the compressor of figure 7 at various Mach numbers 
also are shown in figure 16. The value of p,^p,,=6.25 at 
Mo=1.4 was selected as one that would produce approxi- 
mately maximum internal thrust coefficient without after- 
burning at Mach numbers less than 2.0. Figure 16, which 
presents data similar to those of figure 15 but with after- 
burning, shows that the same engine using afterburning is 
capable of producing nearly maximum internal thrust 
coefficients in the range of Mach ntunbers between 2.0 and 
3.0. Again, the amount of afterburning was controlled so 
that total fuel consumption would be equal, to that of the 
ram jet of figure 6. 
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TABLE I.— SAMPLE CALCULATIONS FOR A TURBOJET 
ENGINE WITH AND WITHOUT AFTERBURNING. ' 


Item 

Source 

Units 

Turbojet 

without 

alters 

burning 

Turbojet 

with 

after- 

burning 

Vo 


ft 

1940 

1910 

PhJP-o 

Indnotion.sy8tem ohamoteristics 

seo 

None 

»a8o 

•0.80 

Ptjpo 

Tip. fjnfldrftnt TT ... 

None ,. 

' 0w25 

6.26 


°'R 

70S 

708 

V? 

n 

Fig. 6, for (Thj „ 

None 

aS£S 

a86S 

Antjiftl ATieinA . 


• 12,500 

•14600 


nJ? — 

rpm 

•10,720 

• 10,720 


V 

Compressor oharacterteUcs tor 
Pun. » fig. 7. 

Kone 

°aooo 

• aooo 

p,jPh 

Compressor characteristics for 
tt 7. 

None 

•4.66 

•4.66 


Fig. 3 tor and 

° R 

1060 

1060 

^■s 

Bngioo characteristics for n««rr. r> 
fig. 7. 

° E 

•2000 

•2000 

1 


None 

aG22 

E622 

.Vi- - 

rimi. 

6530 

6630 

Vt 

Turbine characteristics for n«arr. t, 
fig. 7, 

None 

•0.900 

• aooo 

2’', 


None 

2.60 

2.60 




1684 

1581 





\vff/S 


lb air 

77.06 

77.06 


lb fuel 


( 

stauon ti. 

Assumed equal to that of ram }et 
operating at 3000° E. 

lb air 
lb fnel 


•29.6 

added at 
Stations, 

Equation (Ag) of appendix A 

lb air 

Ibfoer" 

— 

40.29 

^<0 

Fig. 3, quadrant IV, for and 

^ added at station 8. 


1684 

2926 





Pijipo 

m(M) - 

None 

11.30 

11.30 

Vu 

Fig. 2, quadrants m and IV, and 
(g)andr,. 

3118 

4297 

8eo 

None 

2.620 

C,/ 



L256 


• Values lor assumed condition of operation. 
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Fiqukb 2. — Velocity graph. 
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Figtibh 3. — -iTeinperatuTe graph. 
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Fiqubh 4 . — Compressor-turbine graph. 
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Adiabatic efficiency of compressor, rj 
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Fioubb 7. — Turbojet-engine characteristics corrected to standard sea-level static atmospheric conditions. 
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Figure 9. — Induction-system characteristics at Mach number 2.6. 




Mass— flow ratio, m^/rtiQ 

Figure 10. — Induction-system characteristics at Mach number 1.2. 



Figure 11. — Effects of mass-flow ratio on thrust and drag coeflScients. 
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Figure 12. — Effects of mass-flow ratio on net thrust coeflScient at 
Mach number 2.6 in the isothermal region of the atmosphere. 
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Figure 13. — Effects of mass-flow ratio on net thrust coeflBcient at 
Mach number 1.2, 
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Mach number, Mq 
(a) Isothennal i^on. 

Figtjbb 14. — ^Free-stream area required by the turbojet eugine of the illustrative examples. 
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(b) Sea level, standard atmosphere. 
Fiqobb 14. — Concluded. 
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Figubb 15. — Effects of compressor pressure ratio on internal thrust 
coefficient of turbojet without afterburning. 



Eigttkb 10. — Effects of compressor pressure ratio on internal thrust 
coefficient of turbojet with afterburning. 





